This paper presents the methodology, results and a discussion of thermal response tests (TRTs) performed on a multiple borehole ground heat exchanger. The ground heat exchanger consisted of nine 80-m deep boreholes. TRTs with durations between 48 and 260 h were performed on individual boreholes. Tests were analysed using common evaluation methods, and ground conductivity and borehole resistance values were determined for all nine boreholes. In addition to these parameters, the undisturbed ground temperatures were also determined for individual boreholes using multiple approaches. A sensitivity analysis was performed to analyse the effects of various test and parameter uncertainties on the ground thermal conductivity and borehole thermal resistance estimations.
INTRODUCTION
The design of ground source heat pump (GSHP) and borehole thermal energy storage (BTES) systems requires accurate knowledge of ground thermal conductivity, borehole thermal resistance and undisturbed ground temperature values. For medium-to large-sized systems, these properties are often estimated using an in situ thermal response test (TRT). Uncertainties in the estimated parameters can result in underor over-sized borehole systems. The uncertainties in TRT results can be caused by several different factors. Among these are the errors associated with the evaluation method and with the input parameters utilized in the evaluation method. Other factors-such as local inhomogeneities of bedrock, borehole finishing effects and random errors between tests-can also cause uncertainties in the estimated parameters.
This paper first reports on the development of a new GSHP laboratory and its TRT setup. The laboratory has nine 80-m deep groundwater-filled boreholes in close proximity. Groundwater-filled boreholes are common in Sweden and other Scandinavian countries. The solid bedrock in these countries allows the boreholes to be filled naturally with groundwater, eliminating the need for grouting. The heat transport in these boreholes is carried out by natural convection and advection. The paper next presents an overview of noteworthy methods to estimate undisturbed ground temperature, ground conductivity and borehole resistance values from the experimental data. These properties are then determined for the laboratory boreholes using common evaluation methods. The common evaluation methods are the focus of our interest here, because they are extensively used by TRT providers and GSHP system designers. Next, the TRT results of the nine boreholes are compared to quantify the magnitude of variations in the estimated parameters. Finally, a sensitivity analysis is conducted to study the effect of various test and parameter uncertainties on the results of TRTs.
between the adjacent boreholes is 4 m. All the boreholes are filled with groundwater, and a single U-tube is inserted in all the boreholes. The spacing between the two legs of the U-tube and between the U-tube legs and the borehole boundary is not controlled. The geometry and layout of boreholes is shown in Figure 1 . Further details of the borehole system are given in Table 1 .
The experimental setup used to conduct TRTs reported in this paper is shown in Figure 2 . It includes an electric heater, nine circulation pumps and temperature and flow sensors. The installed electric heater is of variable capacity and can operate at various power levels between 2.5 and 15 kW. Each borehole is equipped with a variable speed circulation pump designed specifically for GSHP system applications. Each pump has a nominal motor power of 100 W. The pumps can be operated between 1400 and 3900 rpm. Depending on the pump speed, the power and current inputs to the pump vary between 8 and 130 W and 0.07 and 0.95 A, respectively. These inputs are significantly smaller than those typical of ordinary circulation pumps. The circulating fluid temperatures are measured at two instances: first, when entering or leaving the laboratory building; and second, before and after the heating and cooling source. The flow rate is also measured twice: first, using an installed vortex flow metre; and second, over the individual borehole valves. The data can be recorded for any interval over 10 s.
TEST PROCEDURE
TRTs of the laboratory boreholes were conducted in heat injection mode. The chosen power level of 4.5 kW results in a heat-injection rate of 55 W/m, which is in accordance with the ASHRAE recommendations [2] . The flow from the circulation pump was kept in excess of 1.4 m 3 /h to maintain the turbulent flow in the ground loop. First, the undisturbed ground temperature was determined by circulating the fluid through the undisturbed borehole. The inlet and outlet fluid temperatures were recorded at 10-s intervals. The circulation time varied between 30 and 75 min for different boreholes. Next, the heater was switched on. The tests were conducted for a minimum of 48 h. During a test, the power input was monitored and kept steady. The inlet fluid, the outlet fluid and the ambient temperatures were recorded, together with the flow and power input, for 3-5-min time intervals. Finally, the tests were evaluated using methods discussed in the next section.
TRT EVALUATION METHODS
The undisturbed ground temperature can be determined using various approaches. In Sweden, the undisturbed ground temperature is often determined by circulating the fluid through the undisturbed borehole for 20 -30 min. After a number of circulations, the variations peter out, and the fluid temperature adjusts to the temperature profile of the surrounding ground. The stabilized fluid temperature is then used as an approximation of the undisturbed ground temperature. Another approach to determine the undisturbed ground temperature is to measure the start-up exit fluid temperature from the borehole. The fluid in the ground loop reaches equilibrium with the ground if it is kept in the borehole long enough. The temperature profile of the fluid, in equilibrium with the surrounding ground, can then be used to estimate the undisturbed ground temperature. The undisturbed ground temperatures of laboratory boreholes were determined using both of the above approaches. The ground thermal conductivity can be evaluated using direct or parameter estimation methods. Shonder and Beck [3] and Austin et al. [4] have developed numerical methods that determine ground conductivity using parameter estimation techniques. The Shonder and Beck model solves the one-dimensional radial heat transfer problem using a finitedifference approach. Austin et al., instead, uses a twodimensional finite-volume approach to estimate ground and grout conductivities. The numerical modelling of borehole heat transfer allows the use of time-varying heat inputs. On the other hand, direct methods can be used to evaluate TRTs if the input power is fairly constant. The line-and cylindricalsource solutions are the two most commonly used direct methods to interpret ground thermal properties from TRT measurements. Carslaw and Jaeger [5] developed the so-called probe method to determine thermal conductivity using a cylindrical-source approximation. The second direct method (i.e. the line-source solution) has undergone quite a few changes since it was first developed. However, the approach used by Gehlin [6] has gained the most acceptance because of its simplicity and ease of use. Gehlin uses the following approximation to determine the mean fluid temperature T f . (1) is comparable with Equation (2), which is the equation of a straight line with slope k and intercept m.
The ground conductivity (l g ) is calculated using the slope (k) of the fluid temperature line when plotted against logarithmic time ln(t).
The ground conductivities reported in this paper were calculated using the line-source approximation of Gehlin. As for ground conductivity, various methods have also been proposed to evaluate borehole resistance. These methods vary from simple empirical expressions to complex three-dimensional numerical models. The exiting empirical and theoretical approaches determine the borehole resistance considering the conductive heat transport in the borehole. However, heat transport in groundwater-filled boreholes is driven by natural convection and advection. Theoretical modelling of buoyancydriven natural convection and groundwater flow-driven advection to determine the borehole resistance is complex and difficult. Therefore, for groundwater-filled boreholes, an estimation of effective borehole resistance is usually determined experimentally. The effective borehole resistance for the laboratory boreholes was determined using the method proposed by Beier and Smith [7] . This method extends the line-source approximation to also obtain an estimate of overall borehole resistance. For any time, t n , the borehole resistance is determined as:
As seen from the above equation, the borehole resistance estimation is linearly related to the temperature difference, T f,n 2 T 0 . The temperature T f,n is the fluid temperature at time t n . The borehole resistance values reported in this paper were calculated using T f,n ¼ T f,1 h .
UNDISTURBED GROUND TEMPERATURE
The undisturbed ground temperatures of the laboratory boreholes were determined using the 'fluid circulation' and 'start-up exit fluid temperature' approaches. As an example of the fluid circulation approach, the undisturbed ground temperature measurement of borehole 2 is shown in Figure 3 . As seen from this figure, the variations in circulating fluid temperature peter out after 30 min. The undisturbed ground temperature is then approximated from the stabilized fluid temperature. When using this approach, the heat gains from the circulation pump can raise the fluid temperature. However, the use of pumps custom made for borehole applications avoided this problem. The highly efficient pumps add only a few watts to the circulating fluid. Ideally, the undisturbed ground temperature measurements from the fluid circulation approach should have been similar for all nine boreholes. However, these measurements varied between 8.1 and 9.28C (see Table 2 ). The reason for the different values of undisturbed ground temperature becomes clear when these values are studied along with the corresponding ambient temperatures. The top of the ground loop is slightly influenced by the ambient temperature changes. In addition to the ground loop, the fluid present in the building loop is also affected by the ambient temperature. As the indoor temperature of the building is not controlled, a higher ambient temperature results in a higher indoor temperature and vice versa. For this reason, the temperature of the fluid, which was kept constant for several days in the building loop before conducting a TRT, is influenced by the ambient temperature. This is despite the fact that all piping is well insulated to minimize any heat transfer between the building loop and its surroundings. As indicated by Figure 4 , the undisturbed ground temperature, measured using the fluid circulation approach, has a strong ambient coupling, at least for the laboratory boreholes.
As the undisturbed ground temperature predicted by the fluid circulation method had significant variations, the start-up exit fluid temperature approach was also used to determine the undisturbed ground temperature. Figure 5 shows the temperatures of exit fluid from the nine boreholes. The decline in temperatures from the start-up to the first set of troughs is because of the fluid present in the return horizontal piping from the boreholes to the building. The fluid remained in the piping for several weeks before the tests and hence was in equilibrium with corresponding ambient temperatures. After the first set of troughs, the fluid from the U-tube flows through the temperature sensor. The flow from the U-tube continues until the start of the second set of troughs. Fluid temperature from the U-tube, highlighted in Figure 5 , remains fairly constant at 8.2 -8.38C for all boreholes. Next, the fluid present in the supply horizontal piping to the boreholes flows through the temperature sensor. This is represented by the second set of troughs in Figure 5 . At this time, the fluid has completed the first round of circulation. During the next rounds, the variations peter out and the fluid temperature stabilizes. Figure 5 also indicates that the stabilized fluid temperature is influenced by the initial temperatures of the fluid present in the building loop. This explains the variations in undisturbed ground temperatures from the fluid circulation approach. As the start-up fluid exit temperature approach gives more consistent and reasonable results, the ground conductivity and borehole resistance estimations presented in this paper were calculated using an undisturbed ground temperature of 8.38C.
GROUND CONDUCTIVITY AND BOREHOLE RESISTANCE
The nine laboratory boreholes were tested individually over a period of 12 weeks. The duration of the tests varied from 48 to 260 h. As an illustration, the mean fluid temperature, power input and ambient temperature measured for the TRT of borehole 3 are shown in Figure 6 .
When using the line-source approximation, it is common practice to disregard data for times ,10 -20 h. This is because the accuracy of Equation (1), which approximates the fluid temperatures, increases with time. The estimated fluid temperatures are sufficiently accurate for times larger than 20 r 2 b =a [6] . For the laboratory borehole system, this time translates to 12.5 h. Figure 7 shows the measured mean fluid temperatures The slope of this trend line is used as an input to Equation (3) to determine the ground conductivity. The borehole resistance is calculated from Equation (4). The borehole resistance values are calculated using T f,n ¼ T f,1 h . The numerical value of temperature T f,1 h is equal to the intercept value of the trend line shown in Figure 7 . Table 3 presents the results of ground conductivity and borehole resistance estimations for all laboratory boreholes. Boreholes 4 and 8 have the lowest and highest ground conductivity estimations of 2.81 and 3.2 W/(m K), respectively. The mean ground conductivity value for the nine boreholes is 3.01 W/(m K). The whole range of ground conductivity estimations of nine boreholes can be represented and expressed as 3.01 W/(m K) +7%. The borehole resistance estimations of the boreholes lie in a rather wide range of 0.062 (m K)/W + 20%. Boreholes 3 and 4 have the maximum and minimum borehole resistances of 0.074 and 0.049 (m K)/W, respectively. TRTs of laboratory boreholes suggest that the ground conductivity and borehole resistance values, determined from a carefully conducted TRT, can have uncertainties on the order of 7 and 20%, respectively. If these uncertainties are not considered when designing a borehole system, the resulting system can be considerably under-or over-sized.
Because the ground conductivity and the borehole resistance estimations for laboratory boreholes exhibit considerable variations, the temperatures predicted using these parameters must be checked for their conformance with experimentally measured temperatures. Figure 8 presents a comparison of simulated and experimentally measured temperatures for borehole 3. As can be seen, the fluid temperatures for this borehole are accurately simulated using the estimated parameters. Similar results were also observed for the other eight boreholes.
The non-uniform fields, caused by past TRTs, posed another issue with regard to the TRTs of laboratory boreholes. As the boreholes were tested directly, one after another, it was necessary to investigate the effects of an earlier test on a newer test. This was accomplished by superimposing the effects of past tests, conducted on nearby boreholes, on a newer test. The results indicated that the past tests have no effect on a later TRT. This finding was further confirmed when boreholes 7 and 9 were retested 2 and 6 months after the original TRTs, respectively. The results of the retests were identical to the results of the original tests, implying that the later tests were not affected by the earlier tests.
UNCERTAINTY ANALYSIS
The uncertainties in the estimated ground conductivity and borehole resistance values include those induced from the experimental setup, the evaluation method and the input parameters to the evaluation method. In this section, a sensitivity analysis is carried out to determine the impact of various uncertainties on the estimated parameters.
Test duration
The ground conductivity estimations reach convergence after 100 h of testing [4] . However, it is common practice to conduct only a 50-h test. The uncertainty caused by short test durations was determined by conducting long TRTs on boreholes 3 and 9. The ground conductivity values were then estimated for different test durations and compared with the converged 100-h values. The comparison, shown in Table 4 , indicates that the maximum uncertainty in the ground conductivity, for test durations between 50 and 100 h, is 4%.
The borehole resistance estimation is more sensitive to the duration of the TRT. As seen from Table 5 , the borehole resistance can vary up to 7% for test durations between 50 and 100 h.
Power fluctuations
When the line-source approximation is used to evaluate TRTs, fluctuations in supply power can lead to inaccurate results. In order to use a direct method, such as the line-source approximation, it is recommended that the input power have a standard deviation of less than +1.5% of the mean input power and a maximum variation of less than +10% of the mean input power [2] . Moreover, it is also required that the power transducer and the recording device be able to measure the supplied power within +2% of the actual reading.
The thermal conductivity estimations of the laboratory boreholes were determined using the mean value of the input power. The power inputs were examined and found to be within the acceptable range of power variations. The power input, for all tests, was measured using a high-accuracy meter. The uncertainty of the power meter was +0.15% of the reading and 0.025% of the full scale, resulting in a total uncertainty below +1%. As shown in Table 6 , an uncertainty of +1% in the input power affects thermal conductivity estimations by 1%. The effects of 1% uncertainty in power input on borehole resistance estimations are as high as 2%.
Temperature measurements
Ground conductivity estimations are also affected by any uncertainty in the circulating fluid temperature. Improperly calibrated sensors, sensor installation effects and the ambient coupling phenomenon all introduce uncertainties in the measurement of fluid temperature. For the laboratory borehole system, all the piping has been insulated to reduce ambient coupling possibilities. Moreover, the variations measured in the mean fluid temperature, by two different sets of temperature sensors, were ,0.2 K for all TRTs. This shows that the temperature sensors are reasonably well calibrated and that the ambient coupling remains negligible during the tests. The effects of these slight temperature variations on TRT results are almost negligible.
Undisturbed ground temperature
When using the line-source approximation, the uncertainty in the undisturbed ground temperature value does not affect the ground conductivity estimations. However, the borehole resistance estimations are affected, as they are linearly related to the increase in the fluid temperature from the initial undisturbed value. When using the start-up exit fluid temperature approach, the undisturbed ground temperature measurement was 8.38C for all boreholes. As for TRT temperature measurements, the variations measured in the undisturbed ground temperature, by two different sets of temperature sensors, were ,0.2 K. Therefore, the sensitivity of the borehole resistance, to an uncertainty of +0.28C in the undisturbed ground temperature measurement, was investigated for boreholes 3 and 4. Boreholes 3 and 4, respectively, have the maximum and the minimum borehole resistance estimations, and the borehole resistance values of these two boreholes cover the whole range of laboratory boreholes. For both boreholes, an uncertainty of 0.28C in the undisturbed ground temperature changes the borehole resistance values by 0.004 (m K)/W (see Figure 9 ), which translates to percentage changes of 5 and 8% for boreholes 3 and 4, respectively.
Volumetric heat capacity
When using the line-source approximation to evaluate TRTs, the ground conductivity estimations are not sensitive to uncertainties in the ground volumetric heat capacity. This occurs despite the fact that a strong correlation exists between the volumetric specific heat and the thermal conductivity of the ground. On the other hand, the volumetric heat capacity is an indirect input when estimating borehole resistance using the line-source approach. It is used to determine the value of ground diffusivity, which is a direct input to Equation (4). The borehole resistance values for the nine laboratory boreholes were simulated using a volumetric heat capacity of 2.2 MJ/ (m 3 K), which is typical for Swedish ground formation. However, the effects of uncertainty in the volumetric heat capacity were studied by simulating borehole resistance values for 10% variation in the volumetric heat capacity. The results of these simulations are shown in Figure 10 for boreholes 3 and 4. The changes in the borehole resistance estimations for both boreholes are of similar numerical magnitude, but borehole 4 has a higher percentage change of 6% compared with 4% for borehole 3. 
Borehole geometry
The geometry of the borehole includes parameters, such as the diameter and depth of the borehole and the number and shank spacing of the U-tubes. Of these parameters, the borehole diameter and the number and shank spacing of the U-tube have no effect on the ground conductivity estimations by the line-source approximation. However, the depth of the borehole is an indirect input to the line-source approximation, as it is used to determine the heat-injection rate. The borehole depth can be measured accurately; the uncertainty in its measurement is ,1%. As shown in Table 7 , an uncertainty of 1% (i.e. 0.8 m) in the depth of the laboratory boreholes affects ground conductivity estimations by 1%. On the other hand, the effects of 1% uncertainty in the borehole depth on the borehole resistance estimations are negligible and can easily be ignored. However, in contrast to the ground conductivity estimation, the borehole resistance estimation is sensitive to the uncertainties of the borehole radius. Uncertainties, in the order of 2-3%, are possible due to bedrock fractures and erosion of the drill bit. The effects of 3% uncertainties in the radii of boreholes 3 and 4 are shown in Figure 11 . Once again, the changes in the borehole resistance estimations for both boreholes are of similar numerical magnitude, but borehole 4 has a higher percentage change of 4% when compared with 3% for borehole 3.
Model errors
When using line-source approximation to estimate ground conductivity and borehole resistance values, one must also account for the errors from the respective models. When estimating ground conductivity, the model error, for times larger than 20 r 2 b =a, is ,2.5% [6] . When approximating the borehole resistance value, the model error is ,10% [7] . Hence, model uncertainties of 2.5 and 10% are considered when evaluating ground conductivity and borehole resistance values from linesource approximation.
Propagation of uncertainties
In this section, a sensitivity analysis was carried out to determine the effects of various uncertainties on the results of TRTs. The analysis indicated that ground conductivity and borehole resistance estimations can vary up to 10 and 40%, respectively, as shown in Table 8 . As seen in Section 6, ground conductivity and borehole resistance estimations, for the nine boreholes, varied between the ranges of 3.01 W/(m K) +7% and 0.062 (m K)/W + 20%, respectively. The variations in ground conductivity and borehole resistance estimations of laboratory boreholes are within the range determined from the uncertainty analysis of the primary sources.
CONCLUSIONS
This paper presented the results from TRTs of nine adjacent boreholes. The undisturbed ground temperature, the ground conductivity and borehole resistance values were estimated using common evaluation methods. It was shown that the fluid circulation approach to determine the undisturbed ground temperature gave inconsistent results. On the other hand, the start-up exit fluid temperature approach predicted the undisturbed ground temperatures accurately. The ground conductivity and borehole resistance estimations for the nine boreholes exhibited considerable variations. A sensitivity analysis was carried out to assess uncertainties in ground conductivity and borehole resistance estimations from various primary sources. The experimental findings were in agreement with the results of sensitivity analysis.
